Sensors for the Ultra-Fast Monitoring of Explosive Gas Concentrations  by Vasiliev, A.A. & Malyshev, V.V.
 Procedia Engineering  47 ( 2012 )  224 – 227 
1877-7058 © 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Symposium Cracoviense 
Sp. z.o.o.
doi: 10.1016/j.proeng.2012.09.124 
Proc. Eurosensors XXVI, September 9-12, 2012, Kraków, Poland
Sensors for the Ultra-Fast Monitoring of Explosive Gas
Concentrations
A.A.Vasiliev*, V.V.Malyshev
IACPh, National Research Center ”Kurchatov Institute”, Kurchatov sq., 1, 123182, Moscow, Russia
Abstract
The target of this paper is answering the question about the minimum response time of metal oxide semiconductor
gas sensors. This question is very important at the monitoring of sudden explosive emission of high concentrations of
combustible gases in mines, chemical and oil refinery factories, nuclear power stations, etc. The optimization of the
thickness of sensing layer, deposition conditions, material, and working temperature enabled the fabrication of the
sensor with very short response time ~ 160 ms (hexane) in a concentration range up to 12 vol. %. The response time
of the sensor was compared with the response time of IR optic sensor based on LED (O = 3.4 micron) using testing
gas mixing installation equipped with ultra-fast valves. The results were proven in field experiment with spike
emission of petrol aerosol.
© 2012 Published by Elsevier Ltd.
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1. Motivation
In this work we investigated, what is the minimum response time at the detection of combustible gases,
which could be obtained with metal oxide gas sensors. This problem arises, when it is necessary to
monitor very fast, sudden emission of explosive concentrations of gases, for example in coal mine, oil and
gas producing wells, oil refineries, nuclear power stations, etc. Such spike emission is accompanied very
often with the explosion of this combustible gas (Fig.1). The only method used now for the detection of
such concentrations is the gas aspiration with a set of thin tubes; this gas probing is followed by on-line
remote analysis of gas mixture.
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Thin film sensing layer was used in our experiments because the response time of thick films is limited
by gas diffusion inside the sensing layer and can not be shorter that 2 – 3 s [1].
Our target was to minimize only the response time
of the sensor, even if other properties such as
sensitivity, long-term stability, and selectivity of the
sensor were deteriorated.
Fig. 1. Model explosion of fuel-air gas mixture in field experiment.
The volume is 2x2x2 m3, gas concentration is measured by
aspiration tubes with further remote analysis of gas mixture.
2. Experimental
The sensing layer and the heater of the sensor were
formed on two sides of sapphire chip with size of 2 x
0.5 mm and thickness of 0.2 mm. For the fabrication
of sensors, the double-side  polished sapphire wafer
<1012> were applied. The thickness of platinum
heater layer was of 200 nm, the thickness of sensing layer was varied in a range of 10 – 2000 nm. The
heater and sensing layer were equipped with gold contact pads with thickness of 500 nm, gold wire leads
were bonded to these pads.
Platinum was deposited by magnetron sputtering of Pt in argon atmosphere at wafer temperature of
5000C. The TCR of platinum was equal to 3·10-3 grad-1 in temperature range from 20 to 6000C.
The  heater was fabricated without the application of photolithography, this was a strip of platinum
with width of 0.5 mm.
It is known that gold easily dissolves and diffuses in platinum at working temperature of the sensor. To
assure long-term stability of the heater gold leads were in some experiments glued to the heater with
RuO2-based thick-film ink. In this case, ruthenium dioxide was used as a diffusion barrier for gold. The
disadvantage of this method of bonding is a decrease in sensing layer sensitivity related with crystallite
growth at temperature necessary for the formation of RuO2 contacts (~800
0C, 15 min.).
The sensor chip was packaged, the heating power at 6000C did not exceed 400 mWt, and the resistance
of the sensing layer was in a range from 105 to 108 Ohm.
Before the deposition of sensing layer, the wafer was annealed at 1500 K in hydrogen atmosphere and,
then, in RF oxygen plasma.
The sensing layer was deposited by reactive magnetron sputtering. This method gave better sensitivity
of the sensor compared to thermal evaporation and magnetron sputtering of tin dioxide because gives
smaller crystallite size. Tin and zinc with purity >99,99 % was used as target for sputtering. The
sputtering was carried out in controlled Ar/O2 atmosphere with oxygen content from 5 to 100 %. The
temperature of wafer was also controlled. It was shown than maximum gas sensitivity corresponds to the
wafer temperature of 300 – 4000C.
The crystallite size at 200C was about 15 – 20 nm and was equal to about 40 – 50 nm at 3000C. At
temperature higher than 4500C the purity of the film was insufficient because of contamination by
products of the reaction of gases in vacuum chamber with materials.
Maximum gas sensitivity of the sensor was observed at the thickness of tin dioxide sensing layer equal
to 600 – 800 nm.
Experimental installation for the measurement of response time of gas sensors included equipment for
the formation and fast switching of gas flows and equipment for independent control of gas concentration
in  the  gas  chamber  with  IR  laser  or  LED.  The  scheme  of  the  setup  is  given  in  Fig.  2.  Gas  installation
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consisted of two identical lines used to supply air and gas mixture to the fast valve – switch with switch
time of <10 ms.
Fig. 2. The scheme of the experimental setup. 1,
6, 7 – manometers; 2 – air filter; 3, 8, 9, 12, 13,
20, 21, 24, 25 – valves; 4, 5 – pressure
stabilizers; 10, 17, 23 – differential
vacuumeters; 11 – fast valve-switch of gas
flows; 14 – sensor gas chamber optical
windows; 15 – gas sensor; 16 – optical sensor;
18 – flow meter; 19 – cylinder with pre-mixed
gas; 22 – trap with liquid hexane or other liquid
under investigation.
The measurement with optical
sensor showed that time necessary for
the gas exchange in the gas chamber
(V = 1 cm3) is equal to 60 r 10 ms at gas flow rate of 120 l/hour. The electronic unit stabilizing resistance
of platinum heater of the sensor with precision of 0.1 % had response time of the feed-back circuit < 100
ms. This is important to avoid false responses of gas sensor to gas flow jumps.
3. Result and discussion
It  was  shown  that  the  response  time  of  the  sensor  strongly  depends  on  the  sensing  layer  thickness,
when the thickness exceeds 200 nm. In this case, response is diffusion limited, and the response time is
proportional to the square of the thickness of the sensing layer.
At lower thickness, the response rate is determined by the rate of chemical reaction on the surface and
is independent of thickness value. The result of the measurement of gas concentration with tin dioxide
based  thin  film  gas  sensor  is  presented  in
Fig. 3. The temperature of the sensor was
stabilized at ~ 6000C. The duration of the
gas impulse in this picture was equal to
1000 ms (1 s), the response time of the
semiconductor gas sensor is of 160 ms.
Fig. 3. The response of thin film semiconductor gas
sensor based on SnO2 at operation temperature of
6000C (1) to 1 % of hexane concentration in air
compared with the response of IR optical sensor (2).
It seems that this is the minimum
response time, which can be obtained using
semiconductor gas sensors now. The plot in
Fig. 4 shows the reproducibility of propane concentration measurement simultaneously with
semiconductor and IR optic gas sensors – LED and photoreceptor of 3.4 micron wavelength. The optic
path in this case was equal to 1 cm. This result demonstrates the possibility of the measurement of
propane concentrations with thin film metal oxide gas sensors in a wide range – from approximately 100
ppm to 12 vol. 5%.
The application of thin film gas sensors made of ZnO material is complicated in this case because of
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much higher diffusion coefficient of Zn2+ ions compared to O2- ions in SnO2 lattice.
The applicability of gas sensor system was tested in field conditions at the measurement of the
concentration of petrol aerosol dispersed
by a squib pressing the fuel to perforated
10 m long tube (Fig. 5). The sensor
equipped with a gas sampling aspirator
was located near the tube. For the fuel
aerosol evaporation, the aspirator
contained a hot vaporizer. The position of
the  sensor  is  shown  in  Fig.  5,  and  the
direction of wind is designated by arrow.
The total duration of the impulse of
aerosol concentration is of 740 ms, and
the  concentration  of  gas  is  of  about  103
mg/l.  For  the  calibration  of  the  sensor  in
this case we used hexane.
Fig. 4. Explosive propane concentrations measured
simultaneously by semiconductor and IR sensors.
Propane concentrations are shown in the plot.
Fig.5. Measurement of petrol concentration in real field
experiment. The fuel was dispersed from 10 m long
perforated tube. The location of gas sensor is designated
in the plot. The wind direction is shown by the arrow.
4. Conclusion
Using  the  results  obtained  with  IR  LED
controlled gas mixing installation we showed
that the thin film semiconductor gas sensors
can be applied for the monitoring of fast
processes in gas phase. The minimum
response time of these sensors is as low as 160 ms at working temperature of 6000C. The applicability of
the sensors was demonstrated in large-scale experiments simulating industrial accident accompaniment by
sudden emission of gas and aerosol hydrocarbons.
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